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Abstract 

Two loop renormalization group equations for dimensionless as well as dimen- 
sionful parameters are obtained for the low energy theories that result from de- 
coupling heavy scalar particles in Split SUSY and Effective SUSY scenarios, 
assuming that only a single Higgs field survives at low energy. For the Effec- 
tive SUSY case two scenarios are considered: first, when the only light third 
generation scalars are the partners of the left-handed quark doublet and the 
right-handed top quark -which yields the minimal matter content compatible 
with naturalness- and second, when all the scalars of the third generation are 
light. These beta functions implementing decoupling will be useful to avoid the 
problems of perturbation theory in the MSSM in a mass-independent scheme 
such as DR when large hierarchies in the spectrum are present. 
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1 Introduction 

Low energy Supersymmetry (SUSY) is mainly motivated by the hierarchy problem, the 
unification of gauge couplings and by the fact that, in the presence of R-parity, it provides 
stable dark matter candidates with the correct relic density. 

Due to the large number of parameters of the Minimal Supersymmetric Standard Model 
(MSSM), there is a large variety of possible spectra for the new particles predicted by SUSY. 
The measurements being performed at the Large Hadron Collider (LHC) are already dis- 
carding sizable portions of constrained parameter spaces, obtained by assuming symmetries 
or degeneracies among the MSSM parameters at some high energy scale. Such is the case, 
among others, of the sugra-inspired constrained MSSM (CMSSM), or models of gauge me- 
diation (see for example [I], [2]). 

If SUSY is still realized in Nature, the lack of evidence for supersymmetric particles may 
put into question its relevance as a solution of the hierarchy problem or encourage to look for 
less constrained spectra which still allow for naturalness. In these two cases, Split-SUSY [3p] 
and Effective SUSY [5] may be singled out as the best motivated low energy scenarios. The 
spectrum of Split-SUSY at low energy includes, apart from the Standard Model particles, 
gauginos and higgsinos; it still allows for gauge coupling unification (or even improves it) and 
has dark matter candidates; however, it is heavily tuned. On the other hand, the Effective 
SUSY scenario at low energy adds to the previous set of particles some or all of the third 
generation scalar superpartners, which allows to retain naturalness up to scales of 10-20TeV; 
also, the flavor problem is solved by decoupling of the first two generations [6). The minimal 
choice of light third generation scalars with a single low energy Higgs field includes only the 
left handed squark doublet and the right handed stop [7]. When all the third generation 
superpartners are present, more fine-tuning is expected due to the appearance of hypercharge 
D-term contributions in the beta function of the Higgs mass, which are absent in the minimal 
case. 

The two scenarios outlined above involve particle spectra with large hierarchies in the 
mass parameters. This immediately raises the question of whether perturbative calculations 
in a mass-independent scheme such as DR (using for example the 2-loop MSSM beta func- 
tions obtained in ref. |8j) are spoiled by the appearance of large terms involving logarithms 
of the masses of the heavy particles. Such mass-independent schemes are not physical, and 
when using them the effect of the heavy particles does not decouple at low energies. For 
example, in Effective SUSY scenarios it is known that the 2 loop RG equations can drive 
the third generation soft masses to negative values pi. However, finite quantum corrections 



2 



can become quite significant due to the large logarithms mentioned before, and can drive the 
tachyonic masses to positive values. The fact that these quantum corrections become large 
raises doubts about the precision of the calculations, especially if one is interested in the 
cases in which third generation sparticles become light. This motivates the use of a physical 
mass-dependent scheme in which the heavy sparticles decouple. 

Such a scheme can be approximated by a stepwise running of the parameters of the 
theory, in which the heavy particles decouple at their thresholds. This requires to obtain the 
beta functions for all the parameters of the low energy theories that result after decoupling 
the heavy particles in the different scenarios. There are already results in the literature in 
the Split SUSY case: the one- loop RG equations where obtained in ref. |4], with two-loop 
contributions included for the gauge couplings. Other two-loop beta functions, ignoring 



flavor mixing effects, were obtained for dimensionless parameters in refs. 10 and ref. 11 
with small discrepancies in the running of the quartic coupling. This article reports the 
computations of the full 2-loop beta functions in the MS scheme of all the dimensionless and 
dimensionful couplings appearing in the low energy theories (with heavy particles decoupled) 
describing the Split SUSY scenario as well as the two Effective SUSY realizations alluded 
to above: the minimal one, in which the only light scalars of the third generation are the 
left-handed quark doublet and the right handed stop, and the scenario in which all the third 
generations scalars are light. The RG equations were obtained from the results of ref. [12], 



which build upon the classic papers 13 , 14 and 15 by properly dealing with complex 



fermion fields. The parameters of the low energy theories are all those consistent with the 
gauge symmetries and lepton number conservation, and the beta functions were computed 
including phases for Yukawa couplings and fermion masses and taking into account off- 
diagonal flavor contributions -however, for reasons of space most of the formulae displayed 
in the paper neglect them. The full formulae are available in the arXiv source material. In 



the Split-SUSY case, the results of refs. 10 and [11] are reproduced safe for small differences: 



the RG equation for the scalar quartic coupling coincides with that of ref. 10 , while some 



discrepancies arise with respect to ref. [IT] in 2-loop terms involving the gauge coupling g^. 

To motivate the need for these new beta functions, Fig. [T] shows an example of the 2 
loop MSSM DR running l8~j of the soft mass m Q 33 i n a minimal Effective SUSY scenario, as 
well as ^| 33 in a nonminimal one, compared with the running in the theories implementing 
decoupling. In both cases, first generation sparticles were given masses of 15 TeV, and 
boundary conditions inspired by gauge mediation were imposed for the light supersymmetric 
particles at scales Ac = 180 TeV and Ac = 280 TeV, respectively. Clearly there are large 
deviations from the MSSM DR running, which drives the soft masses to tachyonic values. 
The difference between the 2 RG flows would correspond to finite corrections in the MSSM 



1 The boundary conditions considered are mj 2 ight = ng^fp Yli 9i^2(i) f° r the light squarks and leptons 
and Mi = gfA g for the gauginos; trilinear couplings were set to zero, fj, was taken as Mi at the high scale 
and rrijj , rn 2 Hd and £? M were determined by demanding a correct electroweak symmetry breaking together 
with a consistent Higgs decoupling limit in the MSSM, yielding a Standard-Model like light Higgs and heavy 
Higgs states with masses of 15 TeV. tan/3 was fixed at 10 and A g was set at 1 TeV. 
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DR scheme, which, as anticipated, become very large and put into question the precision of 
the perturbative calculation, which furthermore becomes problematic due to the tree-level 
tachyonic masses. These problems are avoided by using the decoupled RG flows. A more 
detailed phenomenological study of Effective SUSY scenarios using RG flows implementing 
decoupling will be given in a separate work [16] . 

mq 2 „(GcV 2 ) 
3.0x10* 




Log l0 [q(GeV)] 




Log m [q(QeV)] 



Figure 1: 2 loop running of m Q 3S in a minimal Effective SUSY scenario (left), and m 2 L33 in a 
non-minimal one (right). The blue line represents the MSSM DR running, while the red line 
represents the running in the the theory with heavy scalars decoupled at 15 TeV. Threshold 
effects at this scale were ignored. 

The paper is organized as follows. Section [2] introduces the field content and Lagrangians 
of each of the three scenarios: Split SUSY in §2.1 , the minimal Effective SUSY scenario 
in £2^2 and the non-minimal one in §2.3 The beta functions are given in Section [3j with 
the different scenarios being considered in §£3^ 3^ and 3J3 respectively. For reasons of 
space, most of the formulae in the paper ignore complex phases. In the Split-SUSY case 
the formulae include off-diagonal flavor contributions, but these have been neglected in the 
expressions given for the beta functions in Effective SUSY scenarios. Also, for the latter, two- 
loop formulae are provided for the beta functions of the gauge couplings, Standard- Model like 
Yukawa couplings and fermion and scalar mass terms, while the rest of the expressions are 
given at one-loop. The full 2 loop formulae including complex phases for Yukawa couplings 
and fermion masses as well as off-diagonal flavor contributions are available in the arXiv 
source material. 



2 Low energy Lagrangians 

The field content and Lagrangians of the three different low energy scenarios outlined above 
are introduced next. Throughout this paper, fermion fields are denoted with lower case 
letters, and scalars with upper case ones. 
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2.1 Split SUSY 



The low energy theory includes the Standard Model particles as well as gauginos and higgsi- 
nos. The notation for the particle fields as well as their representations under the Standard 
Model gauge group are given in the next table. 





SU(3) 


SU(2) 


U(l) 


q h i = 1 . ..3 


□ 


□ 


1/6 


u c i: i = 1. . .3 


□ 


I 


-2/3 


d\ , % = 1 ... 3 


□ 


I 


1/3 


k, i = 1 . . . 3 


I 


□ 


-1/2 


eli = 1...3 


I 


I 


1 




I 


□ 


1/2 




I 


□ 


-1/2 


A 3 


Ad 


I 





A 2 


I 


Ad 





Ax 


I 


I 





H 


I 


□ 


1/2 



The Lagrangian is taken as follows, 



3 l(k) 



2 l(k) 



£> —£-sm— 



Hh u h d +\Y^ jr M k \£\£ + J2 J2(9H k H% A \ A h u +g Hl HT k A \ A h d ) + c.c. 



k=l A=l 



k=l A=l 



(2.1) 



where Csm is the Standard Model Lagrangian and {l(k)} = {1, 3, 8} designate the dimension 
of the adjoint representation of the kth group, with the ordering = {^(1), SU (2), SU (3)}. 
In order to fix the notation, the gauge couplings are denoted by g k , the Yukawa matrices are 
Vuij,ydij,yiij, and the mass and quartic parameter of the Higgs potential are m 2 and A; the 
Yukawa interactions and Higgs potential are then 

C SM 3 i !) „)„<!;< II - (Vdhqi^dj ~ iVi)^^ - m 2 H H^H - ^X(H^H) 2 , 

where i, j are family indices, qieH = q°'€ ab H b , a,b being SU(2) indices and e ab the usual 
antisymmetric tensor with e 12 = 1. 

The resulting beta functions of the couplings (with a GUT normalization convention for 



the gauge coupling gx) are shown in £3.1 
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2.2 Minimal Effective SUSY 



The low energy theory includes the fields of the previous section plus the third generation 
left-handed squark doublet and the right handed stop of the MSSM. The field content is 
summarized in the next table. 









U(1J 


Hii 1 — 1 . . . O 


n 
i i 


n 
i i 


1 /fi 
I/O 


u\,i — 1 . . . 3 


□ 


I 


-2/3 


d?,i = 1...3 


□ 


I 


1/3 


/j, i = 1 . . . 3 


I 


□ 


-1/2 


e?,i = 1...3 


I 


I 


1 




I 


□ 


1/2 




I 


□ 


-1/2 


A 3 


Ad 


I 





A 2 


I 


Ad 





Ai 


I 


I 





H 


I 


□ 


1/2 


Q 


□ 


□ 


1/6 


u c 


□ 


I 


-2/3 



The most general renormalizable Lagrangian without lepton or baryon number violating 
terms is 

l 3 l(fc) 

C =C SM - {nKhd + z qj U c qj€h u + z uj Qth u u) + z dj Qh d d) + g E E MkX k^k 

k=l A=l 

3 Hk) 

■ + E J2(9H k H^X A h u + g Hl HT k A X A h d + g Q] ^T A \ A q 3 + g V] ^T A \ A u^ + c.c.} 

k=l A=\ 

1 3 m 1 

" \ J2J2^s,s'D k s A D k sl A - \ £ A S (^^) 2 - E Ass^S)^) 

fc=l A=l 5 S^S' 

- A' Q[/ (Qf/ c )(Qtf/ ct ) _ X ' HQ (HeQ)(HhQ^) - \% Q (HQ*)(rfQ) - m 2 Q Q ] Q - m 2 v \J^XJ c 

- (a u QeHU c + ex.), 

D k,A _ S ^ T A S _ ( 2 2 ) 

In the expression above, S, S' denote the scalar fields in the theory, and j^ss' = 7fe S' si 3 * s 
summed over and runs over the three generations, and a, b -which are also summed over- are 
SU(2) indices of the fundamental representation. Given the transformation properties of the 
fields under the gauge groups, gn 3 = gn* = 9Uj 2 = l2,s,u = 1z,h,s = 0- Also, several of the 
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quartic couplings in eq.(2.2) are redundant and can be ignored. This follows from the fact 
that after expanding the Lagrangian the quartic couplings 7^5/5 and A end up appearing 
only in combinations that are equal to or proportional to the following: 

3Ah + lll,H,H + Z%,H,Hi X'hQ + AffQ + -&ll,H,Q + \l2,H,Q, 

^HQ + ^HQ + vf1l,H,Q - ll2,H,Q, X HU ~ f)l,H,Vi 

X HQ 1 X HQ 1 1— o\ 1 1 ^ i3^t _|_^ 

2 2 ~+~ 4 l2,H,Qi 6A Q + 12 Tl,Q,Q + 4 /2,Q,Q I3,Q,Qi 

*Q + 36^1,Q,Q ~~ 4~72,Q,Q _ 6^3,Q,Q5 A Qf/ + Aq[/ - g7l,Q,(7 _ 3~73,Q,t/> 
Aq(7 - gll,Q,U + 6^3,Q,(7' 4^2,Q,Q + 4~73,Q,Q> 

-T ~ k%Q,u> 3A c/ + ffl,U,U + %u,u- 

This means that some of the A and 7 fc s s , are redundant. Out of these twelve combinations, 
nine are independent, and they can be absorbed into new jk,ss' couplings as follows 

%hq + 12 A//q + Q^'hq + 6A'^ Q , 

%QQ + 36A Q + 3 7 3 ,QQ, 

9, 3 



ll,HH 


— ll,HH + l2,HH 


+ 4A^, 


71.HQ 


Jl,HU 


— ll,HV ~ 3Ahc/ 




7l,QQ 


1l,QU 


= %QU ~ 9X QU 


~ 3A'q{/) 


7i,c/c/ 


l2,HQ 


= 72, ~ 2A^q 


+ 2 Ahq, 


72, QQ 


l3,QU 


— l3,QU — 2Aq C/ . 







12,QQ + 73,QQ' 



(2.3) 



Hence, the independent couplings of the Lagrangian can be taken as: 

9u Vuij, Vdij, yuj, z qi , z Ui , z dt , g Qik , g Utl , g Uii3 ,M h i,j,k = 1,2,3, 

9H 1 , 9^, gH 2 , 9H*,ll,H,H,ll,H,Q,ll,H,U,ll,Q,Q,ll,Q,U,ll,U,U,l2,H,Q,l2,QQ,,l3,Q,U, 

li,a u ,vr? H ,m\>,vr? v . (2.4) 



Eqs. (2.3) will be needed when matching the MSSM quartic couplings to the independent 



couplings of eq. (2.4). Note that several terms in the Lagrangian corresponding to interac- 
tions beyond the Standard Model are not flavor diagonal, while flavor mixing contributions 
due to new Physics are expected to be small. Even though the beta functions in the full 
flavor mixed case were computed, for reasons of space and given the fact that off-diagonal 



flavor contributions are expected to be small, the formulae in [3/2 will neglect these, except 
in the case of the gauge couplings. To ease the notation, the following definitions will be 
used: 

9H X = gi, gH{ = <?2, gH 2 = 93, 9H* = <?4, gQ z>1 = #5, 9Q 3a = 96, 

9q 3 , 3 = 97, 9u 3A = 9s, 9u 3 , 3 = 99, 1i,h,h = 7i, 7i,ff,Q = 72, 7i,h,u = 73, (2.5) 

7l,Q,Q = 74, ll,Q,V = 75 , 71,(7,(7 = 76, l2,H,Q = 77, 72,Q,Q = 78, l3,Q,U = %, 



2.3 Effective SUSY with a full generation of light scalars 

Lastly, the low energy theory in this case involves all the fields in the previous sections plus 
a right-handed sbottom, a left-handed third-generation slepton doublet and a right handed 
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stau, as summarized in the next table. 





SU(3) 


SU(2) 


U(l) 




= 1 . 


.3 


□ 


□ 


1/6 


u c i,i 


= 1. 


..3 


□ 


I 


-2/3 




= 1 . 


..3 


□ 


I 


1/3 


Hi i 


= 1 . . 


.3 


I 


□ 


-1/2 




= 1. 


.3 


I 


I 


1 


K 


I 


□ 


1/2 

/ 


h d 


I 


□ 


-1/2 


A 3 


Ad 


I 





A 2 


I 


Ad 





Ax 


I 


I 





H 


I 


□ 


1/2 


Q 


□ 


□ 


1/6 




U c 




□ 


I 


-2/3 




D c 




□ 


I 


1/3 


L 


I 


□ 


-1/2 


E c 


I 


I 


1 



The most general renormalizable Lagrangian without lepton and baryon number violating 
terms is 



SM' 



hih u h d + z qj U c qj€h u + z uj Qeh u u) + z dj Qh d dj + z q * j D c q j h d + zijE c ljh d 



3 l(k) 



3 l(k) 



+z ej Le c J h d + ^EE MkX ^ + E J2^H k H j T^\ A h u + g H *HT A \ A h d 

k=l A=l k=l A=l 

+ g Q ^Q% A X A q 3 + g Vj ^T A \ A u) + g D . h D«T A \ A d° + g L]k L^T A \% 

, 3 l{k) 

+g Ej ^T A X A ^ + c.c.} - i EE^,^W - \ E A ^ 5 ) 2 

fe=l A=l S 

- £ A^S)^') - X' QU (QU C )(Q^U^) - \' HQ (HeQ)(HhQl) - \" HQ {HQ^){rf Q) 

S^S' 

- X HL {HeL){rfel)) - \" HL {Hl)){rf L) - \' QL (QeL)(Qhtf) - Ag I/ (QL t )(Q t L) 

- X QD {QD c ){Q ] D c] )-\' UD {U c] D c ){U c D c] )-mlQ ] Q-mlU c] U c -m^ 

- m 2 E E c] E c - (a u QeHU c + c d QH ] D c + Cl QH ] E c + \' E (QL^)(E C ^ D c ) + \ E (QeL)(E c U c ) 
+ c.c.) (2.6) 

In this case, given the properties of the fields under gauge transformations, = = 

0tfi,a = 9D j>2 = 9h i:A = 9E ja = 9e Ji3 =12,u/d/e,s = %h/l/e,s = °5 the notation and summing 
conventions are the same as in eqs. (2.1) and (2.2). 



Again, some of the "fk,s,S' are redundant, as follows from the fact that the quartic couplings 
As, ^s,S',lk,s,S' om Y appear in combinations proportional to the following: 

3Ah + |7i jffjH + \l 2 ,H,Hi A HQ + A HQ + ^ff\,H,Q + \l2,H,Qi 

A HQ + A HQ + yf1l,H,Q ~ 4%H,Q, A HU ~ 3%H,Ui 

^HD + ll\,H,Di A HL + A HL ~ lll,H,L + ll2,H,Li 

a 'hL + A HL - fjl,H,L - tJ2,H,L: A HE + ^Tl.H.S) 

2 A HQ 2 HQ Al2,H,Qi 2 A HL 2 HL ±l2,H,Li 

3 Aq + i27l,Q,Q + i72,Q,Q + 73,Q,Q? + ggTl.Q.Q ~ 4~72,Q,Q ~ 6^3,0,(3 

Aq[7 + Aq£/ - g7l,Q,[7 - 373,Q,C7) SA^ + 37 1E)B 

Aq[/ - §7l,Q,I/ + JT3,Q,I7> A' qd + A QD + ^7l,Q,D - §73,Q,.D> 

A QD + T87l,Q,D + e73,Q,D> A QL + A QL ~ i^Tl.Q.L + 4~72,Q,L> 

Aql + AQL - l27l,Q,L - 4~72,Q,L> ^ + gTl.Q.Bj 

1^- , l=r 1 \/ _ l^-r 

4I2,Q,Q ~r 473, Q,Q' 2 A Q!7 473,Q,[/> 

2 QD ~ 4'3,Q,Di 2 QL "+" 2 A Q£ "+" 4'2,Q,Li 

3A(7 + 37l,C7,C/ + 73,(7,(7) + A;y D - g7l,C7,D + 3^3,U,Di 

*UD ~ gll,U,D ~ q!3,U,D, a UL + sll,U,L, 

^UE - 37l,[/,E> 2 A UD + 473,(7,D) 

3A B + 37l,D,D + l3,D,D: A DL ~ q1i,D Li 

*DE + \l\,D,E, 3A L + |7 1)LjL + f 7 2 ,L,L> 

Ale - 27i,l,B) A E . 

Only 30 linear combinations of the quartic couplings give independent contributions to the 
Lagrangian; these are 

1i,hq + 12A^ Q + QX' HQ + 6\% Q , 

ll,HD + 6A/f D , 
1\,HE + 2A^£, 

7i,qc/ ~ 9Aq;7 - 3AQJ7, 

1i,ql - 12X QL ~ 6A' QL - QXq L , 
9 3 

ll,UU + 4 V + ^73,1717 > 
ll,UL + 3A(7L, 

71, DD + 3 7 3 ,DD + 9a D, 
ll,DE + 3A D £, 

7i,lb _ 2A LjB , 

72, /7Q _ 2\' HQ + 2A#q, 
72,QQ + 73,QQ' 



1\,HH 


= ll,HH + %,HH + 4\ H , 


ll,HQ 


ll,HU 


— 1i,hu - 3\hu, 


ll,HD 


1\,HL 


= 1i,hl - 4Ahl - 2A'^ L - 2A'^ L , 


ll,HE 


ll,QQ 


= 7i,oq + 36 A Q + 37 3)Q q, 


ll,QU 


ll,QD 


= 7i,qd + 18Aq£> + Q\' QD , 


7l,QL 


ll,QE 


= ll,QE + 6X QE, 


ll,UU 


ll,UD 


- 1i,ud - 2 u° ~ 2 UD ' 


ll,UL 


ll,UE 


- 7l,!7£ _ 2 C/£ ' 


ll,DD 


ll,DL 


= 7i,dl - 6Ad L , 


ll,DE 


1\,LL 


= 7l,LL + 7 2 ,LL + 4 Al, 


1\,LE 


ll,EE 


= 7l,EE + A E, 


l2,HQ 


l2,H,L 


— l2,H,L ~ 2\' HL + 2Xff L , 


l2,QQ 
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12, Q,L = l2,Q,L ~ 2 ^QL + 2 ^QL> l3,QU = %,QU ~ 2 ^Qi7> 

13, QD = 7~3,QD ~ 2 ^QD, l3,UD = %,UD + 2\' UD , 

X E , X E . 
The choice of independent couplings for the Lagrangian is given then by: 

9i, Vuij, Vdij, Vlij, Zqi, Zun z di, z q?, z l V z et, 9Q itk , 9u/D il/3 , 9l^ 1/2 , 9E itl ,Mi,i,j,k = 1,2,3, 

9H 1/2 , 9h* 1/2 , lk,s,s>, {k,S,S'} i {{2,U/D/E,S},{3,H/L/E,S},{3,Q,Q},{3,U,U}, 

{3, D, D}, {2, H, H}, {2, L, L}}, X' E , \" E , fi, a u , c d , c h m 2 H ,m 2 Q , ml, m 2 D , m\, m|. (2.7) 

As in the case of the minimal realization of low-energy Effective Supersymmetry, the formulae 



for the beta functions given in £3.3 neglect off-diagonal flavor contributions as well as phases 
in Yukawa couplings and fermion mass parameters. To simplify the notation, the following 
definitions are used 



9h x 


= 9i, 


9h* 


= 92, 


9h 2 


= 93, 


9hs 


= 9i, 


9Q 3 ,i 


= 95, 


9Q 3 ,2 


= 96, 


9Q 3 ,3 


= 97, 


9u 3A 


= 98, 


9u 3 , 3 


= 99, 


9d 3A 


= 9io, 


9d 3 , 3 


= 9ll, 


9l 3A 


= 912, 


9l 3 ,2 


= 9l3, 


9e 3A 


= 9u, 


ll,H,H 


= 7i, 


ll,H,Q 


= 72, 


ll,H,U 


= 73, 


ll,H,D 


= 74 


ll,H,L 


= 75, 


ll,H,E 


= 76, 


7l,Q,Q 


= 77, 


ll,Q,U 


= 78, 


ll,Q,D 


= 79, 


ll,Q,L 


= 7io 


ll,Q,E 


= 7n, 


ll,U,U 


= 112, 


ll,U,D 


= 713, 


ll,U,L 


= 714, 


ll,U,E 


= 715, 


ll,D,D 


= 716 


ll,D,L 


= 7l7, 


ll,D,E 


= lis, 


ll,L,L 


= 719, 


ll,L,E 


= 720, 


ll,E,E 


= 721, 


l2,H,Q 


= 722 


l2,H,L 


= 723, 


12,Q,Q 


= 724, 


l2,Q,L 


= 725, 


l3,Q,U 


= 726, 


l3,Q,D 


= 727, 


l3,U,D 


= 728 




= 729, 


A E 


= 730- 
















( 2 



To simplify the formulae, some beta functions are given in comparison with those in the 
Minimal Effective Susy scenario, which are denoted with the superscript "MES". In this 
respect, note that the parameters 7 in the Minimal Effective Susy case can be expressed in 



terms of the parameters 7 of the nonminimal scenario with the aid of eqs. (2.5) and (2.8) 
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3 Beta functions 



This section provides the beta functions in the MS scheme for the parameters of the theories 



described in q2 
taken in the GT 



/i^. The gi hypercharge gauge coupling is 



As usual, for a coupling a, (3 a 

T normalization. For reasons of space, complex phases are in general ignored 
while off-diagonal flavor couplings are only taken into account in the Split SUSY case and 
in the beta functions for the gauge couplings in Effective SUSY scenarios. For the latter, 
two-loop contributions are given only for the gauge couplings, Standard Model-like Yukawa 
couplings, and fermion and scalar mass parameters. The full expressions, including complex 
phases for Yukawa couplings and fermion masses, as well as off-diagonal flavor contributions, 
can be found online in the arXiv source material. 



3.1 Split SUSY 



This section presents the beta functions for the couplings in the Lagrangian of eq. (2.1 ) 



3.1.1 Gauge couplings 
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3.1.2 Yukawas 
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In the above equations, (3y t M , (3^ and (3^ denote the Standard Model beta functions, which 
are given for example in ref. 17 and reproduced next, 
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.20' 

The beta functions for gn* and gn* are obtained from those of gn 2 and gu x by making the 
substitutions 



9h 2 gH*, 9H! 9h*- 



3.1.3 Quartic coupling 
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3.1.5 Scalar masses 
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3.2 Minimal Effective SUSY 



This section deals with the beta functions of the independent couplings (eq. ( |2.4 )) of the La- 
grangian of eq. (2.2 ). For simplicity, phases and the flavor-mixing couplings yu/d/i^, 9Q/u/D i k , 
Zg/u /dj h j 7^ 3 have been taken to zero in most cases. Also, the more compact notation of 
eq. (2.5) is employed for the beta functions other than those of the gauge couplings. Some 
beta functions are given in comparison with those of the Split Susy scenario, which are de- 
noted with the superscript "SS" . 2 loop contributions are only given for the gauge couplings, 
Standard Model-like Yukawas and the fermion and scalar soft mass parameters. The full 
formulae are available online. 



3.2.1 Gauge couplings 
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3.2.2 Yukawas 
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3.3 Effective SUSY with a full generation of light scalars 



This section presents the beta functions of the independent couplings (eq. (2.7)) of the 
Lagrangian of eq. (2.6). Again, as in the previous section, in order to simplify the formulae 
the phases and the couplings y u /d/i i:j , 9Q/u/D ih , z q / g */ u / d /i/ e ., i, j ^ 3, are taken as zero. The 
compact notation of eq. (2.8) is employed for the beta functions other than those of the 
gauge couplings. Some beta functions are given in comparison with those of the Minimal 
Effective Susy scenario, which are denoted with the superscript "MES". The parameters 7 
in the minimal Effective Susy case can be expressed in terms of the parameters 7 of the 
nonminimal scenario with the aid of eqs. (2.5) and (2.8). Two-loop contributions are given 
only for the gauge and Standard Model-like Yukawas, and for the fermion and scalar mass 
parameters; the full expressions are available online. 
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+z q *g 2 gi ) +y b I — ^ ^ ^— I I ^V^io 





114 11^ 2 143^ _ _ 



/l 3 \\ 1 2 \ 

+Zd I gfl'5fi'i2 - £06013 I I - ^z d zig 5 g u - ^ziz q *g 10 g u I + W> . % ; . 

+ 24 + 16 + 8 + 16 + ' V 8 16 16 J + e V 4 8 16 

O ^4 o OCC / AX,. y,2\ 17^4 




2 gf 8 25_ 2 _ 2 / 474 g*\_ 2 17g n 

^z d z q *g 5 g 10 - — - —g5979io9n ~ ^9i9ii + \ — g 12 9n 12 

_74 _ 19|| _ 57gj _ 11^ 2 _ 2 \ _ _^_-2-2 _ j^-2-2 A-2-2 
- 3 - 32 - 32 - 12 ^11 j 32^3^13 32^4^13 64 <?60i3 



1 3 \ \ / 3z 2 3z 2 

2M12 + 2M13 J + zig 2 gu) +Vr{ — 2^"^" 



m 2 Vgl 



_ ^13 _ °yi4 



16 / y2 V 72 
10 



'7^ 



9 \ 3 2 ^10 S12 ^r 4 \\ 3 1 

+1^456 1 + ^9&9iz + ^2^5 (^" + ^7 + ^") J + v ( ^ ^2^10 + ^gigmgw 
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1 f 143 4 1 4 3 /l 3 \ 3 2 1 2 

< n, ?/_ -I n„?/_ -I- 7 I rir,n-,n -I mrun ...... ....... 



+ (16^)2 \ 100^ l2/r + 2^ r + Ze l^ - ^ 12 + 4 Ml3 J + 2 ZdZlMu 

1 o _ 2 / /3_ _ 69_ _ \ /5l£ 3z, 2 33. 2 75. 2 

+ Ml4 + .2 (* (^Ml2 - y.4.13 J+^^-^ + ^T + ^r 

3 \ / 9 / 3 

+ 2 Z i929u j + Vr ( z e (-.2.12 + 3. 4 .i 3 ) + 2z t g 2 gu) + y\ f -^Vrz\, + z e I --.2.12 

9 _ _ A A 2 / / 9 4 0io -2 A 3 _ _ 9 _ _ 

+ 2#4#i3 I + ^zig 2 gu I + ( .r ( — ^ ^ - 3c? n J + z e I --#2.12 + ^gms 

+^z t g 2 gu) + Vb (y r z q *g 2 gw + z e ^z q *g 10 g 12 + z d Qmi2 - ^Mi3^ - z d zig 5 g 14 

3 f 7^ 2 2 £12 3. 2 7. 2 \ / 7^ e 4 3 2 2 13^ 4 



z d z, 



4 1 4 4 8y " V 4 8 

72, 7f, 7 6 * 37 2 3 , 2 / 9. 2 2 27. 4 2 \ . 4 2 3 45_ 2 - 2 

24 + 16 + ¥ + T^ + ^ V"l6 ~ ~WJ ~ 16 " 4^ 3 ^ 13 " 64 M3 

21-2-2 , ^375 , 3723 9g 2 A- 2 15^3 , 2/ 3z 2 13z? 3zJ. _ £ 2 2 



64^13 + ^"g- + "g- " 64^is --32- + i v -X + ^^^ + 75 - 4 
3.1 17& 5 ^3^ +2 ^^ i4 _^2 4 _ l^-l^-^ + .ff- 3 * 



4 16 16 y " " ,u " i4 48" " 14 6' 

_ 7g _ 21|f _ 17gA 2 |^_io _ Z£i2 _ £u V -2 (_9± _9n_9k 
76 32 32 4 / 52 I 16 64 4 / ^ 10 V 16 96 24 



yi \64 4 / yi2 \ 8 8 192 24 32 32 / / V V 40 
63 _ _ \ 12 /39^ 2 3zf 33. 2 2 99.?, 33. 2 4 \\ /3 2 _ _ 

"4o Ml3 J - ( v ^r + ^+ w + w + ^q-J J + Zl U vMl4 

+ ^2^14 + |fflM4Sl4 + .2 Q76.U + |j. 2 .14 + ^.3.14 + g^4<?14 + ^.5.14 + jj.8.14 

1 2 1 2 ^ 4 \\ f 5 3 9 2 33 3 2 / 1 

+ g.l0.14 + ^.12.14 + -y J ) + Ze ( ~ ^6^2^12 + ^.2.4.13 + ^^4.13 + 2j ( ~|.2.12 

3 \ / 3 9 \ / 3 9 \ / 3 

+ ^Ml3 J + ( -^Ml2 + ^^4.13 J + ^» ( ~^Ml2 + ^Ml3 J + 94 ( ~g5 lMl2 

^3_ 2 - , 9_ 2 - / 375 3723 ^ 9. 2 \ _ 3^ 3 \ / 3_ 2 _ 9 _ 2 - 

+ g01013 + g.3.13 + ( ^ g— + "g- I .13 + -g— 1 + 92 I -g.1.12 - J^.4.12 

1-2- ^?2 ,3 L _ {% 3723 3., 2 . 2 gl f lA 

-Y2-.io.i2 - T + g.1.3.13 + ^i2(y-^ 8""24"y"T 
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_oMES , 1 1 y r 2 

~ Pz « 16tt 2 2 9 ^ 



6 =B UES 



K =0. 



MES 



1 



16tt 2 2 



z d z 2 e 



^ 2 3 o 

-z d z t + -z d z q . 



1 1 _ 2 8 2 _ 2 ] 



16tt 2 



, 3 1 f 1 8 A 



3*2 



2 2 2 2 8 8 



3^ 



>^2 



g\ 



M 

2 

A? 



11 



72 



8 



9 



Pz 



16tt 2 



3^f - y T 92gu - z e g 12 gu + z\ 



9l2 



3^3 



014 



3^1 



_ 3£| ^ 34 

10 2 2 2 2 2 



Pz 



1 



167T 2 

3^ 2 



+ 



^ + 1 + 



3<? 2 



4 1 £12 
4 



2^13 I 
3^?3 



zigngu + ^ e 



014 



4 4 ^ 



3^ 2 



2 + Y 



16tt 2 



0i 



010 _|_ £l2 1 014 

6 4 2 



'<n 



=0 



gi \ 9H i * J >g H * 



16tt 2 



3^ 2 



3* 



5-2 + (-2y b z d - 2y t z u ) g 5 + 8y t z q g 8 



1 93-Pg 3 + 16^2"4^ 13 ' 



y 94 



-2j/ T z e ffi3} , 



3z d z^ 
2 2 



3^ 



3^2 3^ ■ 

+ ~y~ ) 04 + (SybZd + 6ytz u ) m 
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ft, + i + * (f + 1 + f + 1) } • 

ft. + ^ft (f + f ) , 

ft, =^ ES + {-2*VJu + §t (f + f ) } , 

o oMES , 1 - / #10 , 9l2 , 014 A 

o _oMES , 1 ^ ^2 
Pff9 -P§9 + 16^2 i 59 ^ 11 ' 

1 j X 2 1 o 9 10 f 9 1 2 2 2 

Pgio = I ~ 6 yb Z Q*92 + 2z d V^5 + ^2#10 + ^#5010 + -y + 0io ( - y - + y 6 + 2 d 

/%» = ^ {-^9r + + {vl ~ f - 13^ 2 + *2 + 24 + f + f ) Sn + ^ } , 

1 f n 1 2 5^? 2 , / 3# 2 9^2 y 2 2 ^2 

^ = 16^ 1 %r ^ 2 + 4^ 12 + 8 " AZeZl9u + h2 {~A~4 + 2 +Z " + i + 4 

1 9s 1 2g| ff 2 9ff 2 3 ^14 \ 1 
+ 12 + 3 + 6 + 8 + 2 ;/ ' 

If 1 2 / 3^ 2 33# 2 y 2 2 ^2 3 g2 3 2 \ 

I 11^8 1 

+ 8 J ' 

Ah4 = |-2j/ T ^2 - 2^ 12 + ^14 + ^~3^ + t/ 2 + + 2^ 2 + ^ + || + ^ 

+ ^) ^14 + ^l 2 2^14 + 2^ 4 |, 
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3.3.3 Quartic couplings 



Q_ _oMES i x I , ~2 , q~2 , ~2 

3 7l P71 + l 67r 2i 3 



^ =^ ES + ^ { + 75710 + 27 6 7ii } , 



^ 3 =/3S ES + ^ { ^ + 75714 + 27 6 7i5 \ , 



>\IEH 1 / 279713 . : - i 

P78 = P 7S + S — 3 1- 7io7i4 + 2711715 } , 



q oMES , 1 / 27l3 1 ~2 , o^,2 1 ^728 

% 2 =% 2 + ^ I -y + 7u + 27i5 + 

=^ ES + J^723725, 



ft* =« S + I^2 (72 2 5 + 72 2 7 }, 



% 26 =C ES + 7^727728, 



1 



{ 2 ^i " y^i74 " ^2 2 74 - 8^74 + QyllA + 6^74 + 2y 2 . 7 4 + + 4 (-24y b 2 

oa 2, A ~\, 7279 . 873713 /37i 87i 6 \ _ 3_ _ 2 , 2 

-24% +474) + — + — — + 74 I ~y + ~g~ j + 75717 + 27e7i8 + ^l49 3 + l" 18 ^ 



3 74^ _ 2 . a - - ( 8y b , 2 74\ -2 . -2/^74 2# 2 Q \ 2 / „ ,74 

-YJ9a + 8ybZ q *92gio + ( — 3" + x J ^ 10 M 2~ ~ X J M 9 * 2" 



2 ^l 2 o\ / on 2 , 8 74 



f + -32, 2 + ^)^, 
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=^2 {- 3 9$ - 9^2 - 3^i7s - 9g%% + Gyl% + 6y t 2 75 + 2y 2 7s - 7 5 2 + *e (l% 2 + 27s) 

. 727io . 873714 . 274717 L _ /37i 37i 9 \ 2 _ _ / 2 

+ ~y~ + — g— + — g— + 75 ( -j- + -y ) + 276720 - 37 23 + 4y T z e g 2 g 12 + [2y T 

+ |) £12 + fi (| + + 02 (2^ + I + £ 2 2 ) - 12l/ T ^is + (e^ 2 + ^) & 

+fs + 3^3) + 1 (e^ 2 + ^ + 3&) } , 

/% 6 = ^ {%i - y£ 2 76 " ^2 2 7e + 6^76 + 6^ 2 76 + 2y 2 76 + 27 6 2 + zf (4% - 8y 2 T ) + ^ 
+ ^ + ^+ 75720 + 7a (f + 472i) + ^ + (f - 6*?) 5? + W,ju 
+ (-8y 2 + 27 6 ) £ 2 4 + g\ (f - 2, 2 4 ) + g\ {-2z 2 + f - 2, 2 4 ) } , 

1 f 2gf , 5 9 9 9 9 9 9 27^ 

^79 =^2 { ~Y + 48 ^ 3 + ^ 4 ~ 6^79 ~ 2 9 ^ 9 ~~ 1Qg ^ 9 + 22 ^ 9 + q ^ 9 + 9 

, 2/ 70 2 LO -\, 8 7s7i3 l ~ _ LO ~ _ L ~ /77 7 8716 37 24 \ 2 
+ ^ (-72*,. + 2 79 ) + — ^— + 710717 + 27n7i8 + 79 I — + — + — I + 167 27 

/ ls2i 37<A _ 2 8 _ _ f 8z 2 d 27 9 \ _ 2 _ 2 ( 24 79 2gj \ 
+64z d z q *g 7 g u + (-32^ + ^ f u + f 7 (-32z 2 q * + ^ - 16^) | , 

£710 =i^2 {"^ " 27 ^ + 7275 - Igflio ~ %2 2 7io - 8^710 + 2^ 2 7io + 2z% Q - ^° 

, 2 foA 2 , o~ \ , 8 7s7i4 . 279717 _ /777 3719 372A n _ 2 

+ ^ (24^ e + 2 7 io) + + + 2711720 + ^o(^" + ^- + ^-) - 9 ^25 

8~ -2 , !~ -2 ,-2/710 . 9 2 2 \ ,3_ _ 2 . -2/37IO . -2 M 

+3710^7 + 2^10^12 + 95k + yj + 2 710 ^ 13 ^ 6 1 ~2T 913 ) J ' 

If 37 9 27 2 

^ n = 16^2 W+7276 ~ Y 9 ^ 11 ~ 2 g ^ U ~~ 89 ^ n + AZ ^ U + 2 ^ 7n + 3 + ^ ^~ 24 ^ 

LO ~ x , 8 7s7i5 . 279718 _ /77 7 37 24 \ 3. _ 2 . 8 ^ _ 2 

+27ii) + — + — + 7io720 + 7n I "jg- + 4 72i + -y I + 27n^ 6 + 3711^7 

-2,-2/ 7n 2^ 2 4 \ \ 
+27ii^i4 + ^5 (ig--3-Jj. 
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MA~ f 32 7l2 87 16 \ _ _ ,_ 2 2_ -2 ,-2 ^8713,8^0 " 

+4713) +7i3 "^7— + ^7- + 7i47i7 + 2715718 - 47 28 + -713^10 + #8 "TT" + 



+3 713^1 + gl 



32712 


87ie\ 


9 


9 J 


( 8713 
V 3 


+ 43n 



9 ' " 1U " 5 V 9 9 



^714 =77T^ { A dt + 7375 + - 7f3 2 7i4 - ? 52714 - 8^714 + 2^ 7l4 + 4^714 + 4 ' 1 



I al / o / o 2 g /14 / J-* W J3 1 ~e '11 1 ~q /1* 1 3 

2713717 . _ /32712 37i 9 \ _ 8_ _ 2 1_ _ 2 _ 2 / 8714 4^ 2 



^715 



+ 3 + 714 g— + y J + 2715720 + 3-71439 + 2-714312 + #8 y g 

3~ -2 
+ 2714^13 



a 4 . ~ ~ . 7s7ii 26 2 _ 2 _ 2 ~ 2~ 8 7i 2 5 . 2713718 
-831 + 7376 + —5 v#i7i5 - 833715 + 42, 715 + 4z 715 — + — - — 



16tt 2 [ ai '° 3 3 ^ 110 110 1 110 q 110 3 

^~ ~ o_~ f 32 ^^A~ V 8 ~ -2^9~ -2 ^ -2 /^87l5 , 85i 2 4 

+714720 + 7i5 —77 h 4721 + 777i53 9 + 2 7i53i4 + 3 8 -77- + 



9 '73 ' " y ' " 14 " 5 V 9 3 



/% 6 ~ { X + 3991 ~ 12Z «* + ^ + f + y^ + 3? (S3 3 2 - y ) - 163 3 2 7i6 + 84716 

, 14 7l 2 6 , -2 , o„~,2 , c-2 , o„~,2 43^0 16 _ n oo.4 , ,2 / 4 7l6 8^ 



+7it + 2^ 8 + 67^7 + 3728 - y + y7ie3n - 223ti + 3io . g 



I o I - ' ; ' . : 13 2 ~ 9 2- o 2~ 1 -1 2 ~ 27^7 

0717 =77^ ^ _2 fl + 7475 + — =— + ~ "^3l7l7 - 7732717 - 8^3717 + 4:Z . 7i 7 



16Tr 2 I ^ 1 3 ■ 3 6 »i,i, 2 » 2 ,i/ ^ 3 ,i, ■ 3 



, 2 / 0/l 2 . ~ ^ , ~ /^ 8 7ie . 3 7iq\ . ~ _ ,8_ _ 2 1_ _ 2 _ 2 /^ 2 7 
+ 2 e (24z q , + 2717) + 717 I — + — I + 27i 8 7 20 + -7i73n + ^717312 + 3io ( -g 



17 

9~ 



23 2 , 

+ 27i73i3 



1 f „ 4 , ~ ~ , 79711 . 8713715 20 2 ~ c 2 ~ , A 2 ~ . 4 7l 2 8 . 2 / o/l 2 

07i8 = 7^2 1 4 3i +7476 + ^7- + — t 3 y3i7is - 833 7is + 4^,7is + -y + 2/ (-24^, 

+47is) + 717720 + 7i8 (^y + A l2i^j + ^7is3n + 27is3i 2 4 + 3i 2 (^y - y ^ | , 
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0*. ~ W^i - 16zl + 7 5 2 + % + ^ + 2 -% + g\ (6gj - Vfa) - 9g^ 19 + 4^9 



16tt 2 i yi ^ e ' 5 3 3 3 
+37i 2 9 + 2 720 + 723 + 3 725 - <??2 + 37i9<? 2 3 - 5 9u + fl2 (7i9 - 2^13) } , 



f. 4 . ~ ~ . 7io7n . 8714715 . 27 17 7 18 15 2 _ 9 2 _ 2 ~ 2 

167r 2 I ' 6 #i + 7s7e + —y + — g — + — g y^i720 - 2 ^2720 + 4^ 720 - 27 20 



+ z\ (8zf + 27 20 ) + 7 20 + 472^ + (dzf + f 13 - 8z eZl g 12 g u + (8z 2 e 



+2720) g u + 9l2 \ 2z i + y + 2 ^i4 



1 o 4 o 4 1 ~ 2 1 7ll . 87^5 27^g 2 1 o 2 ~ ,o2~ 1 1 a ~ 2 , j ~ -2 

12^i - 8*, +7 6 + — + -— + -— + 7 20 - 12^721 + 8z t 721 + 107 21 + ^ 2 ig 14 



721 16tt 2 



^723 



16 y (~ 6 ^2 - 3 72s) - 9^2 723 + 6^723 + 6^723 + 2y 2 7 23 + 2^723 + - 2 75 



7l9^ - , or - , 1 ~ ^2 , ( o.2 , 723 \ T o , / 9 , 723 \ j 



+ y J 723 + 3722725 + 2723^1 + (^-2^ e + — J g 2 + \^-2y T + — j g 12 - Ay T z e g 4 g 13 
+ ZgiMvgis + ^2y 2 + # 2 3 + <? 2 (-4y T 2 e <7i2 + 2g 4 g 12 g 13 ) + # 2 - 2# 2 3 ^ 



+£(2* e 2 + ^ + 2& 



I - - 2 /q 2 , ^725 \ n 2~ o 2~ , o 2~ , o 2~ /" 77 27 10 

%2 5 =T^ i 722723 - #1 2^ + —r- - 9^ 725 - 8# 3 7 25 + 2z e 7 25 + 2^725 + 



167T 2 1 I 92 1 g / "32 w 93 1 ~~e /^c 1 ~~M \ 18 3 

7l9 ^724 \ 2 / 2 ~ \ ^ ~ — 2 8__2 ^ ~ — 2 2____ 

+ "2" + -y J 725 + Z d {-8z e + 2725) + y^725^5 + g725^ 7 + ^725^12 + g#5#6#12#13 



3 ~ -2 , -2 /" 3725 _ 2 

-2 725^13 + ^6 I -y -2^j 



= 7^4 { "^3 + ^l 2 ( ¥ - - ^2727 - 16^727 + 2^727 + 2^727 + 4^727 



'77 . 47 9 27 16 37 24 \ . 57 2 2 7 _ _ / 2^ 2 » 7 27 ^ _ 2 
7^ + y + y + ^ 727 -y + 726728 + y + ^ K ^ 



3727 \ _ 2 /8^ 2727 \ o 8 _ _ / 4^ 2 8727 \ _ 2 
+ y J + I y + -y J ffio + g^V^n + ( — g- + y I 5n + ^5 I g^Vfl'io 
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4 \,-2f 4 4 , §727 4&\ 

'g^nj+Sv + ^ Y) 



y 72S 



J % 3 + 2726727 + g 1 - — ~ 16# 3 728 + 4z .728 + ' 



13 



i6tt 2 [ ^ ,zu aL v s 3 y ^ ' 9 ' V 9 9 

27i 6 \ _ 5t| 8 2 , 2 \ 8__ 2 2_ _ 2 16 8__ 2 

+ -g~ I 728 + -y + 2 g (4 7 28 - 16Z 9 . J + "728^8 + g 728#l + -g-0809010011 + 3 7280H 



?728 14^^ 



+59 



1 r 3 /1 2 \ (\ 1 

P7 29 =^2 \ ~2 ZlZg * 96913 + 5,10 I 3^# 12 ~~ 3^^514 1 + 9n I g^iV^ia ~ ^ e z q *g u 

_ ( 2 25# 2 9# 2 2 2 2 2 2 79 710 , 7n 7l7 , 2 7l8 
+ 729 [z d -— -—-Sg, + z e +2z l+ z u + 2z q , + -- — + -- — + — 

_ , 3725 8727 £5 , 3^6 4^ 2 ^ 2 4& 5 2 2 3^ 2 3 2 

~ 720 + ^ 3~ + 36 + X + ^ + T + ^ + T + ^ + ^ 4 



1 r / 317j 2 9^ 2 



2 



8^3 + V2z 2 d + v 7 ^ 2 + 2V2^ 2 + 2«s/2*J + V2z 2 u 



730 1 67r 2 ^ - ^ 3^/3 

_ 2^78 _ jio_ v^Tn , 2^714 _ 4^715 3725 _ 8^726 gf 

9 :W> ' 3 + " 3 ' " 3 V 720 v '_> 3 ~ + l8v/2 



5.5.^ Fermion masses 



nMES 1 f 3 4 \ 1 if/ 9 

+^i ( ~^V^5- ^dffio j j + ^M 2 g 3 M 2 i3 + ^iM2 + ^ + ^ J + c « f-7^Mi3 



,1 - - \V flllgfllgt fQ3g 2 189g 2 \ 2 / 2 165& 2 
+0i o^5i2 - z e g u +/x -^^ + — — j- + — — U d + -H^i 7— 



72 8 V 4 4 



y 2 \ ^ .4 /^191^ 2 , 645<? 2 , V 2 T \ „ 2 ISzf f63g 2 , 189^1^ ^ , ( 1" 9 £ 2 

48 



/191^ 645c? 2 y 2 \ 



< - zt- + + o o ( a + — < + 
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1935^1 , 3y% 3y? \ 394 ,*( 189^ 2 27^ \ 1 

^l9l - \w + (-1 - *) A + (-1 - 34) A + (-§ - 1) & 

9z 2 e 3zf\_ 2 „/ 63^ 2 189(?| 3# 2 3 \ , _ 2 / 63^ 189^ 3# 2 3 



" l 16 32 ^ 13 + ^ 3 V 16" 16 "64y' + ^ 4 V 16 16 64 

_ -u 7? (JM 63 ^1 9lo 9I2 fiA , -2 f_2M _ 6M 

+ V 8 4^ 14 + ^V 16 16 " 96 64 32 J + ^ 2 V 16 16 

9io 9u 9\4 



96 64 32 



A* =« S + (1^52^1 (f + f + + 7^ ^ (4 + zf + 34) g lh 
+ c d (~yb9s9io + 92 {2z q *g b + 4z d g 10 )j + ^M 3 gf gl 1 + ^M 2 gl 2 gl 3 + M x 



z i 3z A ,,2 1 2 -2 , , ,2 /17<? 2 , 34^1 y 2 ^ 2 2 7^ ^2 



£2 24^^ 5+ 108 + ^ 10 V 54 + 9 ~6 6 9 ) + 32 

,-2 fl7ri, 51^ 2/ 2 3, e 2 21f 13 \ fUgf y\ z\ 2 \ 2 i 

+£12 ^ + ^" ' J- X " " J ' ~^2~) + \~2~ ~~2~~2~ l J 9u + ~4~ 

+ci (4y T g 12 g u + g 2 (-2zig 12 + 4:Z e g u ))} , 
Pm 2 =PmT + ( 16 ^2)2 \ M 29n + ^Q n2 y ( z e + z / 2 + 3 40 # 3 # 4 + 6c d z q*Me + 2q^M 13 



+ + M 2 (!M - 42^ 3 2 + (-42, 2 - I - I - , 2 + (-126, 2 



34 \ 2 /17^ 2 1757^ 2 y 2 3^ e 2 ^ 2 7£ 2 2 \_ 2 29^ 4 



8 / 96 + [ 16 16 8 4 8 32 J ^ 13 32 

/3m 3 =« S + 777^^3 (-I8gl + fl? + I + % V — ^ I^M^ 2 ^ 2 + 4a^ M 9 



^ ^(16W JW3 V" y3 " y7 " 2"^T;^(16^\2 
+ 4c^Mn + Mi (^5^ + \fs9l + Ifiofu^j + M 3 (-206^ 4 

7^1 21^ 

i/7 



983<? 3 2 






3*3 


z 2 


3^ 


Z 2 * 


3 


4 


4 


2 


4 


2 


4 


983^ 2 


vl 




^ 2 

u 


7^n 






6 


4 


2 


' 4 


is y 


3 



+ 



144 16 
17gf 983gj yj 
36 6 4 



17^ 2 


8 


72 




^17^ 2 


v 9 


z 2 




" 4 


2 



7^10 A .2 



72 



^11 - 
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3.3.5 Scalar trilinear couplings 



C* + ^4*780, 



IQ-k 2 



i r . _ „ / i 2 



4Q729 + 3M 2 z Q *g 4 g 6 + /i Ay t z u z q * - 3z g *g 3 g 6 + g 1 --z q *g 5 - -z d g 10 



», f 2 . A . 2 \\ 16, f / 7gj 9g% , 
+ Afi I -gj/&050io + #2 I jV?5 + 3 Z ^io J J + -^M z y b g 7gil + c d \ — — - 8g 3 

,02,02, 2 , 2 , 2 . o 2 . 72 . 74 . 79 . 3722 8727 .gl.gl. 

+ 3y 6 + 3y 4 + y T + z d + 2 U + 2z q , +y+y+y+y 3~ T T T~ 

, 3$f , ^ 5 2 , 3^ 6 2 , 4$ 3 2 4 ^ 



+ 



4 36 4 3 9 



9g2 g 2 

12Q729 + 12a„73o + 3M 2 z t g 4 g 13 + q I 3y 2 - - + 3y 2 + y 2 + z e 2 + 2^ 2 



16tt 2 t a ,za ' u,ou ' — , ~, ^„ 2 2 

75 . _ _ . 3723 ^i 2 #1 3^| 3i?! # 2 2 3# 2 3 _ 2 v _ . 

— 2 + 76 -720 + + ^ + J + + + ^~ + + 9ia) + V (-3zig 3 g 13 

+9i (zi9i2 - 2z e gu)) + Mi (2y T g 12 gu + g 2 {-z x g x2 + 2z e g u ))} 



3.3.6 Scalar masses 



+ q Qmu/^s^io - 16M 3 y 6 Mn) + c 2 , (-^ + y 2 " + 6%, 2 - 6^ 2 - 6z 2 u - \2z% 
97i ~ „- n ~ 9l H _2 2^ 2 o _ 2 \ , 2 /3<rf , 8 2 



- 272 - 47 4 - 9722 - f - -f - 8g', ';- -y^ - Sg^J + m D^-f + ^9l% 
+ yys74 - 4^74 - y - tybZq-Mio - \l*9w ~ j^n^ + Af| + ^?04 

, 9 2 -2 ^ - - 1 o 2-2 , 9_ 2 -2 9-2-2 \ , 2 /^y*! 15y" 2 6 2 ~ 

+ 2 V^4 - 6j/ T * e 04ffi3 + 3y ry - 13 + -g 3 g 13 + -g 4 g 13 1 + m L I — + — -^75 

-6^75 + 2Z 2 £ % - y - yy + ^75^1 2 2 + ^75^?3 + 2/r*e (Ml2 ~ 3Mls) 

51 ^i 2 ,3^1 2 A 2 3 7i yf 2 3# 



- 2 Q M lMl25l4 + C ? (^ + ^_ 2z e 2 - 4^ 2 - ^ + 275 - 47 6 - 3723 - 



2 
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o-2 \ i 2 f^9l . 24 2 ~ , 2~ ~2 o - - o ~" — 2 ^ i 2 f ^^9l 
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